Abstract-The authors discuss the application of self-assembly techniques for positioning microscopic components onto a substrate in a desired configuration. The basis is a fluidic self-assembly technique in which capillary forces assemble microparts with submicrometer alignment precision. A heat-curable acrylate-based adhesive is used to provide the capillary forces for assembly and is then polymerized in a bath of water at 80 C for 16 h with continuous nitrogen bubbling. The application we describe is self-assembly of flat silicon micromirrors onto surface-micromachined actuators for use in an adaptive-optics mirror array. Photolithography defines shapes of hydrophobic self-assembled monolayers for self-assembly. Mirrors with fill factors up to 95% were assembled. Mirrors 464 m in diameter and assembled onto actuators remain flat to within 6 nm rms. This mirror quality would be difficult to attain without the process decoupling afforded by microassembly. The general self-assembly approach described here can be applied to parts ranging in size from the nanometer to the millimeter scale and to a variety of part and substrate materials.
Fluidic Self-Assembly of Micromirrors Onto
Microactuators Using Capillary Forces arately and then positioned using microassembly techniques. Since many classes of microcomponents cannot be cofabricated effectively due to materials and process incompatibilities, several research groups are developing microassembly approaches. In the microassembly route, different classes of microcomponents are fabricated in separate processes, removed from their substrates, and assembled onto a target substrate of choice. For most applications, submicrometer positioning and methods for establishing high-quality mechanical and electrical connections to the substrate are required. As in cofabrication, small-area electrical connections are desirable as they provide interfaces with low parasitic capacitances, resulting in greater measurement sensitivity of the devices. One advantage of using microassembly, rather than pursuing cofabrication, is the fabrication process for each microcomponent can be optimized separately. Secondly, expensive materials can be used efficiently; the layout of costly microparts on the donor wafer may be dense while the distribution of these parts on the target substrate is sparse. In addition, the yield losses from long integrated processes can be avoided. However, the yield of the assembly steps now become an important consideration.
Self-assembly, which is defined as the "spontaneous organization of molecules or objects into stable aggregates under equilibrium conditions" [2] , is an intriguing route to microassembly [1] , [3] . In nature, spontaneous processes efficiently assemble ordered structures with up to millions of individual components. At the molecular scale, self-assembly is due to noncovalent forces (e.g., hydrogen bonds, van der Waals interactions, and hydrophobic interactions) which arrange molecules into ordered arrays of varying complexity [4] . Self-assembly can be either a reversible or irreversible process, depending on the level of background energy.
For particles greater than molecular size, researchers have employed self-assembly principles to organize nanometer-and micrometer-size beads into two-and three-dimensional closepacked arrays [2] . In this research, a variety of forces cause the beads to aggregate: capillary, electrostatic, and magnetic forces, as well as molecular recognition and binding between complementary strands of DNA. The beads used in these demonstrations are a simple type of synthetic structure, as they have spherical symmetry and no surface patterning. New strategies are under study which apply self-assembly to position arbitrarily shaped microcomponents on a substrate [1] , [5] - [9] . In these processes, the microstructures are first freed from the substrates on which they were fabricated. The majority of processes being developed use fluidic transport of the microcomponents because surface interactions can be controlled more easily in a liquid environment than in the gas phase. Using photolithographic techniques, binding sites are prepared on the microparts, and receptor sites are made on the target substrate where the parts are to assemble. Essentially, the substrate contains potential energy wells for the parts at the desired locations. A carrier fluid transports the microparts over the target substrate, and when a binding site on a micropart interacts with a receptor site on the substrate, there is a certain probability of attachment. If the microdevice does not "fall" in the energy well, it is carried away by the fluid and may be transported to another site. Through this process, devices eventually occupy all of the substrate sites.
To design the binding and receptor sites for self-assembly, two important points must be considered: the shape of the potential energy well and the level of kinetic energy supplied to the system [2] , [10] . The desired assembly state should represent the minimum in potential energy and any energy barriers should be small compared to the driving potential energy difference. A lubrication method may be necessary so that the microparts can reach their minimum energy configurations. The random kinetic energy needed to move the parts over the substrate can be supplied through fluidic agitation or ultrasonic vibration. There must be sufficient kinetic energy in the system so that parts can overcome energy barriers.
There are both advantages and challenges to using self-assembly in contrast to a wafer-to-wafer transfer approach. Because of the difficulties in scaling up transfer techniques due to topography and wafer curvature, self-assembly may prove to be more scale-independent. Furthermore, if the substrate receptor sites are defined without photolithography, they could be stamped or printed onto very large, or even curved, substrates. Second, decoupling donor-and target-substrate layouts is inherent in self-assembly because the components must be freed from the substrate anyway. This allows the layout of expensive donor substrates to be optimized to use the least area. A third consideration is yield. In self-assembly techniques which depend on one force to drive the assembly, defects such as vacancies and misaligned parts are inevitable. However, vacancies can be filled by increasing the assembly time, and misalignments can be minimized by supplying levels of agitation energy sufficient to correct or disassemble incorrectly assembled pieces [2] . In theory, self-assembly can give higher yields than wafer-to-wafer techniques since defective elements may be discarded before they are released from the donor substrate, and defective receptor sites on the target substrate may be deactivated before the assembly step [10] , [11] .
Significant challenges in developing production-level self-assembly techniques include gaining the mastery of methods that can provide both mechanical and electrical connections to the substrate. Metal evaporation and photolithographic patterning techniques become difficult if the surface topography is greater than 5 m. Pico-to nanoliter volumes of adhesives may be needed to establish strong mechanical connections. Further, given the importance of surface forces at the microscale, lubrication might be required so that the parts can reach minimum energy configurations on the substrate. Another challenge is that of specifying the orientation of the assembled parts, as the parts are in random orientations in the carrier fluid.
Despite these obstacles, several groups are developing microscale self-assembly techniques using a variety of forces to achieve attraction and binding of microscopic parts onto a substrate. Smith and coworkers have developed a fluidic process that relies on gravitational and hydrodynamic forces for self-assembly [5] , [12] , [13] . In their approach, trapezoidally shaped microcomponents fill similarly shaped holes in a substrate in a water environment. Once assembled, parts are held in place by gravity and van der Waals forces. When the assembly is dried, the forces are supplemented by capillary forces of thin water layers that evaporate to form solid bridges. The substrate surface is then laminated with a polymer coating, which permanently affixes the parts. The planarity of the substrate is regained following assembly, so electrical connections can be patterned using standard photolithographic techniques. GaAs light-emitting diodes have been self-assembled onto silicon with this process [12] . By integrating this technique into a mass-production manufacturing process, the company Alien Technology assembles silicon electronics onto continuous rolls of flexible plastic films to make inexpensive displays [5] , [12] . The placement of tens of thousands of components per minute into arrays has been demonstrated with 1-m precision and 99.99% yield, proving that fluidic self-assembly is a viable microassembly technique [13] . However, a drawback to using gravitational forces is that they are relatively weak compared to other forces at the microscale.
In other microassembly work, Cohn and coworkers have conducted feasibility experiments using electrostatic traps to assemble 100-m-long polysilicon parts onto a substrate in vacuum. Ultrasonic agitation was employed to overcome friction and adhesion forces [10] , [14] . Nakakubo and Shimoyama have used bridging flocculation and shape complementarity to bond 100-m-cubes together in a dilute polymer solution [6] . In the work of Murakami and coworkers, magnetic forces cause 50-m-diameter metal disks to attach onto a substrate patterned with arrays of nickel dots in water [7] . While binding was observed, alignment did not occur as there was no lubrication. Coulombic forces have been employed by Esener et al. to capture 10 m-diameter GaAs test parts coated with negatively charged DNA on positively charged receptor pads on a silicon substrate [8] . Then, bonding occurred between complementary DNA strands on the parts and substrate sites.
Due to fundamental scaling properties, forces that scale with lower powers of the length scale become dominant over those that scale with higher powers of in the microdomain [15] . Capillary forces scale with the length of the solid-liquid interface, and therefore gain in importance over surface and body forces as the size of the system is reduced. Thus, capillary forces become noticeable at the milliscale and dominant at the microscale. Based on this advantageous scaling, we have developed a self-assembly technique at the microscale that relies upon capillary forces [16] - [18] . Our technique, which is an extension of work done by Whitesides and coworkers at the milliscale [19] , has been used to self-assemble micro- machined silicon parts onto silicon and quartz substrates in a preconfigured pattern. In this technique, self-alignment occurs between matching binding site shapes with a meniscus of liquid between them. Submicrometer positioning accuracy is achieved because the capillary films that drive self-assembly also serve as lubricating layers. Due to the higher strength of capillary forces over fluidic drag forces at the microscale, this technique provides high assembly yields, where 100-part arrays have been assembled with 100% yield in less than 1 min. In addition, finite-element and Matlab models have been developed that investigate the role of binding site shape on alignment yield [18] . As an application of this technique, we have used it to alleviate a problem facing the optical MEMS community, that of micromirror flatness.
B. Micromirrors for Optical MEMS
Movable MEMS micromirrors have many applications, including displays, optical switching and sensing, adaptive optics, and optical data storage [20] . For example, the digital mirror display (DMD) by Texas Instruments consists of an array of movable mirrors that modulate light by deflecting a beam either into or out of an illumination aperture. A second approach to building displays makes use of two orthogonal MEMS mirrors to raster-scan the image [21] . A third application of MEMS mirror technology is to adaptive optics, in which arrays of movable mirrors are configured to correct aberrations in the wavefront of an incoming optical beam.
In general, a high-quality micromirror needs to be flat, smooth, and highly reflective. In addition, a MEMS mirror may need to be lightweight for applications where scanning speeds are in the kilohertz range. Various applications impose different requirements on the micromirror surface. For scanning mirrors and those in adaptive optics, the micromirrors must be flat to within /20 rms (and preferably /40 rms) during dynamic deformation [21] . For red light ( nm), this translates to a surface flatness within 32 nm rms, (or 16 nm rms), across a micromirror surface that may be 1 mm in diameter. These requirements are especially challenging as MEMS mirrors are often fabricated from thin films.
It is very difficult to produce thin films that are stress-free. Film stress depends on several factors: the material properties of the film and the substrate, the deposition conditions, and differences in the thermal expansion coefficients of the film and the substrate which cause stress when the film is cooled down from the deposition temperature. These stresses give rise to significant deformations. Furthermore, when an optical coating is used, the combined stresses of the coating and the mirror can cause additional curvature.
A number of groups have developed approaches to reduce the curvature of MEMS mirrors. Researchers have fabricated lightweight flat micromirrors by depositing thin films of tensile stress over single crystalline silicon (SCS) support ribs as in [22] , and over an SCS support cylinder to give a drum-like mirror as in [23] . These procedures yield very flat mirrors (surface deformations less than 20 nm) but introduce processing complexity by including SCS for the support structures. Other researchers have fabricated both the mirrors and the actuators from SCS [24] . This approach is also promising, but the drawback is that it is difficult to fabricate actuators from this material. Also, the resulting mirrors are not lightweight. Concurrently with the work described in this paper, Patterson et al. demonstrated the transfer of an SCS layer from an SOI wafer onto surface-micromachined actuators [20] . In order to minimize the mass of the mirrors while retaining structural strength, a honeycomb pattern was etched into the underside of the SCS layer. Patterned photoresist was used as an adhesive and the bonding occurred in a vacuum oven.
Despite these efforts, mirror flatness remains a challenge even as MEMS-based optical switching systems are in the process of commercialization. We describe the application of our self-assembly technique to assemble flat SCS micromirrors onto surface-micromachined actuators for an adaptive-optics application (Fig. 1) [25] . By decoupling the fabrication of the mirrors from the actuators, each process can be optimized independently and the actuators do not need to be fabricated from films having extremely low stress and stress gradients.
II. EXPERIMENTAL
Single-crystal silicon, 20-m-thick micromirrors were fabricated from SOI wafers using a deep reactive ion etch (DRIE) to define the mirror dimensions, followed by a liftoff procedure to pattern the assembly binding sites with gold films. The mirror thickness is sufficient to keep the mirrors rigid and flat after the application of optical coatings. Four sets of hexagonal mirrors were fabricated with diameters ranging from 448 to 524 m (corner-to-corner) and with hexagonal binding sites of 200-m diameter. The mirrors had fill factors ranging from 67% to 95% when assembled on the actuator chip. Fill factors were chosen to range from a conservative design, where mirrors could be assembled onto the actuators without interfering with neighboring mirrors, to a more aggressive designs, with increased fill factors. Fig. 2 shows an array of 448-m-diameter mirrors attached to the handle wafer. In order to etch the sacrificial silicon-dioxide layer and free the mirrors into the solution, the mirror chips were immersed in concentrated hydrofluoric acid (HF) in darkness. Etching in darkness reduces photochemical-etching effects that may occur. For the mirror dimensions used, the release etch lasted approximately 2.5 h.
The microactuators were fabricated with a typical surface-micromachined process [25] . Assembly binding sites were patterned onto the actuators with chrome/gold films (150 Å chrome, 500 Å gold) using a liftoff procedure. An array of seven unreleased actuators with gold binding sites and electrical bond pads is shown in Fig. 3 .
Surface treatments of the released micromirrors and the unreleased microactuator chips were undertaken according to the procedures in [16] (see Table I ) for microparts and substrates, respectively. Octadecanethiol self-assembled monolayers (SAMs) were used to render the gold binding sites selectively hydrophobic, and the remaining regions were oxidized and therefore hydrophilic. To prepare the treated actuator chips for the self-assembly, they were dried from storage in methanol with flowing N and lowered through a film of a heat-curable acrylate-based adhesive floating on water (lowering rate 1 cm/s). The composition of the adhesive is as follows: 85 wt.% dodecyl methacrylate (Aldrich) as monomer, 14.5 wt.% triethyleneglycol dimethacrylate (Electron Microscopy Sciences) as crosslinker, and 0.5 wt.% benzoyl peroxide (Aldrich) as initiator. Fig. 4 shows droplets of the adhesive selectively coating the hydrophobic gold binding sites on the actuators in water. Next, the silicon micromirrors were pipetted toward the adhesive-coated actuators under water. An array of seven mirrors self-assembled onto unreleased actuators under water is pictured in Fig. 5 . Here, the fill factor is 67%. Several experiments were done with fill factors up to 95% resulting in 99.5% alignment yield of mirrors that were assembled. Once the self-assembly step was complete, the adhesive was polymerized by heating the chip in a water bath at 80 C for 16 h with continuous nitrogen bubbling. After the adhesive activation, the chip was removed from the water bath and soaked in methanol for 10 min with gentle agitation. Then the chip was removed from methanol and placed in a dish of water, and the water was replaced with more water by a dilution rinse. The assembled chip was not dried at this stage in order to prevent contaminant particles from sticking via capillary forces and solid bridging. Next, the chip was removed from water and placed in a petri dish of 49% HF for 5 min to etch the microactuator sacrificial layer. After the sacrificial-glass layer was etched, the chip was transferred to water through a dilution rinse and remained there for 10 min. The water was replaced with methanol in another dilution rinse, and several rinses were performed to ensure that traces of water were removed. Then the chip was ready for drying with supercritical carbon dioxide. This drying technique circumvents the formation of liquid-vapor menisci and the associated capillary forces. In microscope observation of assembled and released chips, we found that none of the mirrors were lost during the release and supercritical drying steps, indicating that the adhesive withstood these processes. Mirrors have also been assembled and bonded onto released actuators. This is an advantage when optical coatings are required that are not HF compatible. Fig. 6 shows a scanning electron micrograph (SEM) of a mirror self-assembled and bonded onto a microactuator that was subsequently released. The surface-height plot of this 464 -m-diameter mirror was obtained using interferometry and indicates that the surface deformations are lower than 30 nm peak-to-valley and less than 6 nm rms for the 20-m-thick mirror [ Fig. 7(a) ]. The deformation in the center of the mirror may be caused by adhesive stresses or an etch effect. The slope at the edge of the mirror seen in Fig. 7(b) is believed to be a footing effect of our etcher. In any case, the mirror flatness fulfills the adaptive-optics requirements for a high-quality optical surface. For comparison, Fig. 8 shows the surface plot of an actuator. The deformations of the actuators exceed 1 m. The assembled-mirror tilt was measured as ranging from 0.3 to 1.2 m over these mirrors, corresponding to angles of 0.09 -0.14 . Fig. 9 shows a surface height plot of a mirror tilted 350 nm with respect to the substrate. This tilt is most likely due to nonuniform stresses within the adhesive during curing. Although the tilt is significant at this stage, in future experiments it may be possible to reduce it by etching mechanical features on the mirrors to define planarity during the curing step. In addition, the composition and curing schedule of the adhesive may be altered to result in lower stress.
III. RESULTS AND DISCUSSION

A. Mirror Surface Characterization
B. Operation of Actuator With Assembled Mirror
A stroboscopic phase-shifting interferometer was used for dynamic characterization of the actuator with the bonded mirror. This instrument can characterize motions at frequencies from dc to 1 MHz with an out-of-plane measurement resolution of 1 nm [26] , [27] . For the dynamic measurement, a 72-V 400-Hz sine wave was applied to one of the electrostatic actuators underneath the mirror platform, and a sequence of 60 measurements was taken with a 25-s laser-pulse delay and 11.6-s pulsewidth in order to include a complete half-period of the motion. Fig. 10 shows a sequence of time-resolved surface height measurements of the bonded micromirror spanning a motion of 6 m. These results demonstrate successful operation of the microactuator with an assembled high-quality micromirror.
IV. CONCLUSION
In this paper, we discuss the fluidic self-assembly of ultra-flat, SCS micromirrors onto surface-micromachined actuators for an adaptive-optics system. This application requires deformable mirrors that deflect 5 m or more, have surface-flatness variations lower than 30 nm rms for visible-wavelength correction, and exhibit a fill factor of at least 98%. We have demonstrated assembly of mirrors with fill factors up to 95%. The assembled mirrors had surface deformations lower than 6 nm rms with tilt ranging from 0.09 to 0.14 . These specifications would be difficult to reach without the ability to decouple actuator fabrication from mirror fabrication. Furthermore, because the assembly can be carried out after the microactuators are released, various optical coatings can be deposited on the mirrors.
The process we have demonstrated can be improved in several ways. First, the mass of the mirror can be reduced by etching a honeycomb structure on its underside. Second, mirror tilt can be lowered by adding features to the mirrors to define planarity during adhesive curing. Third, further experiments can be done to tune the adhesive formulation, the curing schedule, and the binding site area to give different levels of adhesive-induced curvature. In addition, a step to partially release the actuators may be introduced before the mirror self-assembly to minimize the exposure of the adhesive to HF.
